We have studied the exciton localization dynamics in In x Ga 1−x N epitaxial films with different In compositions ͑x = 0.02, 0.05, and 0.09͒ by means of optical Kerr-gate time-resolved photoluminescence ͑PL͒ spectral measurements. By changing excitation wavelength of 150 fs laser pulses, In x Ga 1−x N films are resonantly excited around their exciton energies at 6 K. Under the resonant excitation, the PL dynamics is sensitive to the In composition of the sample and the excitation laser intensity. In the low In composition samples, the formation time of radiative excitons at localized states is 5 -10 ps. In the high In composition samples, the gradual redshift of the PL peak energy is observed within several tens of picoseconds. The radiative recombination processes of excitons are discussed.
Recently, the development of both semiconductor crystal growth techniques and wavelength-tunable laser systems has enabled us to study the intrinsic and detailed optical processes in wide band gap semiconductors. Especially, in the past decade, there have been many experimental and theoretical studies on the optical properties of nitride semiconductors such as GaN, In x Ga 1−x N, and Al y Ga 1−y N crystals. 1 It is well known that In x Ga 1−x N ternary alloys show high photoluminescence ͑PL͒ quantum efficiencies in spite of high threading dislocation defect density, 2, 3 and they are used as light-emitting-diode and laser materials in the blue wavelength region. The radiative recombination mechanism for efficient PL in In x Ga 1−x N films has been discussed by the passivation of defects by In ͑Ref. 4͒ and the exciton localization at potential minima. [5] [6] [7] It has been suggested that potential minima for exciton localization in In x Ga 1−x N films are due to self-formed In-rich dots and islands. [5] [6] [7] However, the localization dynamics of excitons into lower energy states in In x Ga 1−x N crystals is not clear. Time-resolved PL spectral measurements are one of the most useful methods for understanding the exciton localization dynamics and the radiative recombination processes in semiconductor mixed crystals. [8] [9] [10] In this letter, we report the PL dynamics of In x Ga 1−x N epitaxial films at low temperatures by means of an optical Kerr method and a wavelength-tunable femtosecond laser system. By turning excitation photon energies, In x Ga 1−x N films are resonantly excited near their exciton energies. Under resonant excitation of the band edge of In x Ga 1−x N with different In compositions, the PL spectrum and dynamics depend on the In composition of In x Ga 1−x N films. It is pointed out that the PL dynamics of In x Ga 1−x N films is different from that of II-VI compound semiconductors. The exciton localization and recombination processes in In x Ga 1−x N will be discussed.
The samples used in this work were fabricated by the metalorganic chemical vapor deposition method. 11, 12 The thickness of In x Ga 1−x N epitaxial layers was 90 nm grown on a patterned sapphire substrate with a 5 m GaN buffer layer. The In composition was varied from x = 0.02 to 0.09. Epitaxial films were used for the study of the nature of exciton localization in In x Ga 1−x N mixed crystals, because in the quantum well structures the PL spectrum contains an inhomogeneous broadening due to the fluctuation of the layer thickness. 12, 13 Wavelength-tunable femtosecond laser pulses were obtained from an optical parametric amplifier system based on a regenerative amplified mode-locked Ti:sapphire laser. The pulse duration and the repetition rate were ϳ150 fs and 1 kHz, respectively. For time-resolved PL spectrum measurements, an optical Kerr gate method was used with toluene as a Kerr medium in a quartz cell having 1 mm thickness. The time resolution was about 0.7 ps.
14, 15 The PL spectra were measured as a function of the delay time, using a liquid-nitrogen-cooled charged-coupled device with a 50 cm single monochromator. The sample temperature was kept at 6 K in all the PL measurements.
The PL spectra in all samples were measured under resonant excitation of the band edge of In x Ga 1−x N films with different In compositions, in order to avoid the direct excitation of the GaN buffer layer. If the photon energy of the excitation laser is above the band gap energy of the GaN buffer layer, the diffusion of the carriers from GaN buffer layer into In x Ga 1−x N epitaxial films occurs and the compli- cated PL dynamics is observed: The intrinsic energy relaxation processes in In x Ga 1−x N films cannot be studied under high photon-energy excitation. In our PL experiments, the excitation photon energy was set to E x + 22 meV, where E x is the lowest free-exciton energy in each In x Ga 1−x N sample. Under the same excitation intensity, the initial electron temperatures are almost the same in all the samples. Here, PL properties of three different samples are reported in detail: The excitation photon energies were 3.421 eV for the x = 0.02 sample, 3.314 eV for x = 0.05, and 3.136 eV for x = 0.09. Figure 1 shows optical absorption and time-integrated PL spectra of In x Ga 1−x N ͑x = 0.02, 0.05, and 0.09͒ epitaxial films. In the absorption spectrum, the abrupt increase at around 3.5 eV is due to the GaN buffer layer between the In x Ga 1−x N film and the sapphire substrate. The exciton absorption peak and the PL peak in In x Ga 1−x N films are clearly observed in our samples. With an increase of the In composition ratio, both the lowest absorption and PL peaks shift to lower energy. In all samples, there is a Stokes shift between the absorption and PL peaks. The observed Stokes shifts are 20-50 meV at low temperatures. The Stokes shift tends to increase with increasing In composition. This large Stokes shift means that there exist localized states in In x Ga 1−x N films. In order to clarify the localization process of excitons, we have measured the PL dynamics of In x Ga 1−x N film under resonant excitation. Figure 2 shows time-resolved PL spectra of In x Ga 1−x N films ͑x = 0.02, 0.05, and 0.09͒ at different excitation intensities ͑110, 230, and 460 J/cm 2 ͒ and at 6 K. The PL dynamics is sensitive to the In composition of the In x Ga 1−x N samples. In the low In composition sample ͑x = 0.02͒, the PL appears after a certain delay time. The PL delay time is about 10 ps at 110 J/cm 2 and decreases with an increase of the excitation intensity. The photoexcited carriers exist the delocalized states just after the laser excitation. The electrons or holes are trapped at localized states and then radiative excitons are formed at localized states. It is believed that the PL delay time corresponds to the formation time of excitons at localized states.
In the x = 0.05 sample, the PL dynamics is also sensitive to the excitation intensity, similar to the cases of the x = 0.02 sample. At low intensities, there is the formation time for the radiative exciton, and this formation time is shorter than that of the x = 0.02 sample. With an increase of the excitation intensity, the PL appears abruptly and the redshift of the PL peak energy is clearly observed.
In the high In composition sample ͑x = 0.09͒, a large and rapid redshift of the PL peak energy is clearly observed during 20-30 ps after the laser excitation. The continuous redshift of the PL peak energy is observed at different excitation intensities. This dynamical behavior of the x = 0.09 sample is different from those of the x = 0.02 and 0.05 samples. The composition dependence of the PL spectrum shows that the band-tail states with large density of states are formed, with an increase of the In composition in In x Ga 1−x N films. Figure 3 shows, in more detail, PL spectra as a function of the delay time in the x = 0.09 sample at 460 J/cm 2 and at 6 K. The normalized PL spectra are shown in the figure. At the initial stage, the PL spectrum is very broad and shows an asymmetric shape with a tail at the high energy side. With an increase of the time delay, the PL band width becomes narrower and symmetrical. This behavior can be explained by a picture that radiative excitons relax into the lower energy states and the cooling of the electron temperature occurs during the exciton localization in band-tail states. The significant redshift of the PL peak energy occurs within about 10 ps. The PL peak reaches to the PL peak energy which is observed in time-integrated PL spectra ͑the upper PL spectrum in Fig. 3͒ at the delay time of about 20 ps. The rapid and large relaxation of excitons occurs within several tens of picoseconds, and the localized states show efficient PL.
Let now us discuss the exciton localization process in In x Ga 1−x N films. The observed time-dependent spectral shift clearly shows that radiative excitons migrate into lower localized states in In x Ga 1−x N films. This behavior is usually observed in other semiconductor ternary alloys such as II-VI compounds. 16 It is believed that at low temperatures the exciton migration between the localized states is caused by the acoustic phonon assisted hopping similar to the case of II-VI compound semiconductor mixed crystals, 9 because the LO phonon energy in GaN based materials is much larger than the observed luminescence Stokes shift. However, the dynamical behaviors of exciton localization in In x Ga 1−x N are completely different from those in II-VI mixed crystals, as will be discussed later. In II-VI compound semiconductors such as CdS 1−x Se x and ZnS 1−x Se x crystals, [8] [9] [10] 16 alloy disorder causes the exponential band-tail states and the redshift of the PL peak energy is observed in the nanosecond time scale. In II-VI semiconductor mixed crystals, the exciton migrations gradually occur in band-tail states. On the other hand, in the In x Ga 1−x N crystals, the large shift of the PL spectrum occurs in the picosecond time region, and the PL peak reaches to the PL peak energy which is observed in time-integrated PL spectra within 20-30 ps. In addition, the Stokes shift of In x Ga 1−x N films is much larger than that of CdS 1−x Se x crystals. Then, the energy relaxation rates of excitons in In x Ga 1−x N films are much larger than that of II-VI mixed crystals. We would like to point out that the very rapid localization of excitons causes no long-range diffusion of excitons to nonradiative recombination centers ͑Refs. 7 and 17͒ and thus this is related to high efficient PL in In x Ga 1−x N films.
Furthermore, it is believed that the very rapid relaxation of excitons causes the rapid filling of the localized states in In x Ga 1−x N films. Under intense laser excitation, the localized states are saturated and then a large number of carriers exist in the delocalized states near the band edge. In In x Ga 1−x N samples, the stimulated emission appears at the higher energy region of the localized states under intense excitation. 18, 19 On the other hand, in II-VI mixed crystals and II-VI semiconductor quantum wells ͑for example, CdZnS-ZnS and CdZnSe-ZnSe structures͒, the stimulated emission appears at the lowest energy of the localized states under intense excitation. [20] [21] [22] There is a large difference in the exciton localization dynamics and optical gains between II-VI and III-nitride ternary alloys. It is believed that these different optical processes are caused by the different origin of the localized states. The formation of localized states in In x Ga 1−x N films is due to self-formed In-rich dots and islands, rather than alloy disorders in II-VI compounds. Further experiments are needed for the understanding of the nature of the band-tail states in In x Ga 1−x N ternary alloys. At the present stage, it is concluded that the very rapid relaxation and no long-range diffusion of excitons cause efficient and unique luminescence of In x Ga 1−x N ternary alloys.
In conclusion, we have studied the PL dynamics of In x Ga 1−x N films under the resonant excitation near the band edge at low temperatures. Under the resonant excitation, the PL spectrum and dynamics are sensitive to the In composition of the sample. The large energy relaxation of radiative excitons occurs in the picosecond time region. It is pointed out that the rapid localization of excitons in localized states is related to the efficient luminescence in In x Ga 1−x N films and that the exciton localization dynamics in In x Ga 1−x N is different from that in II-VI mixed crystals.
